Origin and pathways of winter intermediate water in the northwestern mediterranean sea using observations and numerical simulation by Juzà, Melanie et al.
Origin and pathways of Winter Intermediate Water in the
Northwestern Mediterranean Sea using observations and numerical
simulation
Melanie Juza,1 Lionel Renault,1,2 Simon Ruiz,3 and Joaquin Tintore1,3
Received 25 June 2013; revised 31 October 2013; accepted 6 November 2013; published 6 December 2013.
[1] The study of water masses worldwide (their formation, spreading, mixing, and impact
on general circulation) is essential for a better understanding of the ocean circulation and
variability. In this paper, the formation and main pathways of Winter Intermediate Water
(WIW) in the Northwestern Mediterranean Sea (NWMED) are investigated during the
winter-spring 2011 using observations and numerical simulation. The main results show
that the WIW, formed along the continental shelves of the Gulf of Lion and Balearic Sea,
circulates southward following ﬁve preferential pathways depending on the WIW formation
site location and the oceanic conditions. WIW joins the northeastern part of the Balearic
Sea, or ﬂows along the continental shelves until joining the Balearic Current (maximum of
0.33 Sv in early-April) or further south until the Ibiza Channel entrance. Two additional
trajectories, contributing to water mass exchanges with the southern part of the Western
Mediterranean Sea, bring the WIW through the Ibiza and Mallorca Channels (maxima of
0.26 Sv in late-March and 0.1 Sv in early-April, respectively). The circulation of WIW over
the NWMED at 50–200 m depth, its mixing and spreading over the Western Mediterranean
Sea (reaching the south of the Balearic Islands, the Algero-Provencal basin, the Ligurian
and the Alboran Seas) suggest that the WIW may have an impact on the ocean circulation
by eddy blocking effect, exchange of water masses between north and south subbasins of
Western Mediterranean Sea through the Ibiza Channel or modiﬁcation of the ocean
stratiﬁcation.
Citation: Juza, M., L. Renault, S. Ruiz, and J. Tintore (2013), Origin and pathways of Winter Intermediate Water in the Northwestern
Mediterranean Sea using observations and numerical simulation, J. Geophys. Res. Oceans, 118, 6621–6633, doi:10.1002/2013JC009231.
1. Introduction
[2] The Northwestern Mediterranean Sea (NWMED)
comprises the Gulf of Lion and the Balearic Sea. Its general
surface circulation is characterized by the presence of two
quasi-permanent currents, the Northern Current (NC) and
the Balearic Current (BC), and their associated fronts (Fig-
ure 1a). The Catalan Front is a shelf/slope front that sepa-
rates the ‘‘old’’ Atlantic Water (AW) in the center of the
Balearic Sea from the less dense water, transported by the
NC, on the shelf [Font et al., 1988]. The NC ﬂows south-
ward along the continental slope reaching and going
through the Ibiza Channel or retroﬂecting cyclonically over
the northern slopes of the Balearic Islands to form the BC;
this latter is also fed by the inﬂow of more recent warm and
fresh AW arriving from south through the Mallorca and
Ibiza Channels [e.g., Font et al., 1988; Pinot et al., 1995,
2002; Pinot and Ganachaud, 1999]. The Balearic Front
separates the saltier ‘‘old’’ AW in the central part of the
Balearic Sea from the less dense water transported by the
BC [Font et al., 1988; La Violette et al., 1990; Bouffard
et al., 2010]. Observations have shown that both currents
have a marked seasonal variability [Bethoux, 1980; Font
et al., 1988; Pinot et al., 2002]. Higher transports in the
NC are found in winter (1.5–2 Sv) than in summer (1 Sv),
while the opposite is found in the BC (0.3 Sv in winter, 0.6
Sv in summer). In addition to the basin-scale circulation,
several studies have shown signiﬁcant mesoscale structures
such as eddies, ﬁlaments, and shelf-slope ﬂow modiﬁca-
tions [Font, 1990; La Violette et al., 1990; Pinot et al.,
2002; Bouffard et al., 2010, 2012]. The NWMED is also
characterized by intense Mistral, Tramontane, and Cierzo
winds episodes in winter [Jansa, 1987; Millot, 1999].
These winds induce intense heat air-sea exchanges [Flam-
ant, 2003; Renault et al., 2012] and sea surface cooling
[Millot, 1999; Estournel et al., 2003].
[3] The NWMED is a four-layer system, comprising dif-
ferent water masses [La Violette, 1994; Send et al., 1999;
Robinson et al., 2001], originating from the Atlantic Ocean
and the Eastern Mediterranean Sea or formed in the
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NWMED. In the upper 150 m layer, the AW gets into the
Mediterranean Sea at the surface through the Gibraltar
Strait and, circulating in the Mediterranean Sea, becomes
saltier (from 36.5 at Gibraltar to 38.0–38.3 in the
NWMED) due to the air-sea interactions and mixing
[Millot, 1999]. Below the surface layer, the Levantine
Intermediate Water (LIW), formed in the Eastern Mediter-
ranean Sea, gets into the Western Mediterranean Sea
(WMED) through the Sicily Channel, probably mixed with
the Cretan Intermediate Water [Millot, 2013]. The LIW is
characterized by temperature (T) and salinity (S) maxima
(14–13.2C and 38.7–38.5, respectively) generally found at
300–400 m depth [Astraldi et al., 1999; Millot, 1999].
Besides, two water masses are formed in the NWMED.
The Winter Intermediate Water (WIW) is formed under
severe winter conditions, predominantly along the conti-
nental shelf in the Gulf of Lion and the Balearic Sea
(despite the inﬂuence of low salinities of continental origin)
through winter convection of the AW [Salat and Font,
1987; Millot, 1999; Pinot and Ganachaud, 1999]. The
WIW is identiﬁable by a minimum of T in the intermediate
layer between the AW in the surface and the denser LIW.
This water mass is characterized by T of 11.5–13C and S
of 37.7–38.3 [Lopez-Jurado et al., 1995; Vargas-Ya~nez
et al., 2012]. The WIW circulates in the WMED, trans-
ported southward through mode water eddies advected by
the NC [Pinot et al., 2002]. The WIW is not formed every
year and interannual variability of its quantity has been
observed in the Balearic Sea [Pinot et al., 2002; Monserrat
et al., 2008]. The presence of WIW in the Balearic Sea can
induce eddy formation and inﬂuences the circulation
through the Balearic Channels [Lopez-Jurado et al., 1995;
Pinot et al., 1995, 2002; Astraldi et al., 1999; Pinot and
Ganachaud, 1999; Amores et al., 2013]. Although this
study focuses on the NWMED (Gulf of Lion and Balearic
Sea), note that WIW can be formed in the Ligurian Sea
[Sparnocchia et al., 1995; Gasparini et al.,1999] and likely
in the western Tyrrhenian Sea [Ben Ismail et al., 2012].
Under severe winter conditions, the Gulf of Lion is also the
place where deep convection and formation of Western
Mediterranean Deep Water (WMDW) may occur [Mertens
and Schott, 1998; Salat et al., 2010]. The WMDW produc-
tion has been possibly inﬂuenced by the Eastern Mediterra-
nean Transient which favored the passage of highly saline
intermediate masses through the Strait of Sicily toward the
WMED [Gasparini et al., 2005; Schroeder et al., 2008;
Herrmann et al., 2010]. The WMDW occupies the deep
layer, generally greater than 1500 m [Millot and Taupier-
Letage, 2005].
[4] The formation of WMDW has been largely studied,
whereas the origin of WIW is more poorly described. Most
of studies about the WIW investigate its formation locally
(in the Ligurian Sea [Gasparini et al., 1999], in the Gulf of
Lion [Dufau-Julliand et al., 2004], in the Balearic Sea
[Vargas-Ya~nez et al., 2012], and in the Channel of Sicily
[Ben Ismail et al., 2012]), or its presence and its impact on
regional dynamics in the NWMED using observations
[Lopez-Jurado et al., 1995; Pinot et al., 1995; Heslop
et al., 2012] or both observations and numerical simula-
tions [Pinot and Ganachaud, 1999; Pinot et al., 2002]; but
these latter studies are limited to subbasins, in particular
the region of the Balearic Channels. Heslop et al. [2012],
using glider data, show the presence of WIW in the Ibiza
Channel during the winter 2011. From the available surface
data (provided by oceanographic buoys and satellite), they
suggest this water mass may likely originate from the Gulf
of Lion or the Balearic Sea. Nevertheless, due to the lack
of data, Heslop et al. [2012] were not able to determine
Figure 1. (a) General surface circulation in the NWMED; glider transects in Gulf of Lion (March
2011) and across the Ibiza Channel (January–June 2011). (b) WMOP model conﬁguration. Color bar
indicates model bathymetry. The sections (red lines) and the start positions of Lagrangian particles
(white points), used in section 4, are superimposed.
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when and where WIW is formed. The use of a high resolu-
tion oceanic numerical simulation could overcome this
issue and complement the data to understand the origin and
the pathways of the WIW in the NWMED during such
period. In this study, using both observations and oceanic
numerical simulation, the main objective is to document
the principal pathways of WIW in the NWMED during
winter-spring 2011. In this sense, the present work is an
extension of the former studies by e.g., Pinot and Gana-
chaud [1999], Pinot et al. [2002], and Heslop et al. [2012].
[5] The paper is organized as follows: the observations,
the numerical simulation, and the methodology are described
in section 2. Section 3 presents the atmospheric conditions
and an overview of the scene from the observations. Then,
the simulation is evaluated with respect to the observations.
In section 4, the simulation is used to investigate the forma-
tion and pathways of WIW in the NWMED in winter-spring
2011. Finally, conclusions are given in section 5.
2. Data Sets and Methodology
2.1. In Situ Observations
[6] The ENACT-ENSEMBLES EN3_v2a database
[Ingleby and Huddleston, 2007] provides in situ T/S proﬁles
collected worldwide using bathythermographs, Argo ﬂoats,
and hydrographic transects (CTDs). All suspicious (ﬂagged)
data were rejected for this study. Although the spatial and
temporal coverage remains poorly sampled in the WMED,
many T/S proﬁles have been collected in March 2011 during
three glider deployments in the Gulf of Lion (Figure 1a).
[7] Data from IMEDEA gliders operated by SOCIB in
the Ibiza Channel semicontinuous endurance line (Figure
1a) from January to June 2011 [Heslop et al., 2012; Tintore
et al., 2013] are also used to monitor the presence of WIW
through the Ibiza Channel. A Slocum deep glider provided
high-resolution hydrographic data between depths of 20 m
and 950 m with a horizontal resolution of 2 km approxi-
mately. The glider data processing includes the thermal lag
correction [Garau et al., 2011] for unpumped CTD sensors
installed on Slocum gliders.
2.2. Models Description
[8] The oceanic model used is the Regional Ocean Mod-
eling System (ROMS) [Shchepetkin and McWilliams,
2005], a 3D free-surface, sigma coordinate, split-explicit
equation model with Boussinesq and hydrostatic approxi-
mations. The model domain extends from 7.8W to 9.2E
and from 33.4N to 44.5N (Figure 1b). The vertical discre-
tization considers 32 sigma levels, and the horizontal grid
is 681 3 574 points with a resolution of 2.1 km (1/40),
which allows the representation of mesoscale structures in
this region where the ﬁrst internal deformation radius is
around 10–15 km [Send et al., 1999]. The bathymetry is
derived from 10 topography database [Smith and Sandwell,
1997]. The simulation is nested and initialized from the
Mercator PSY2V4R3 simulation [Lellouche et al., 2013]
on 1 February 2011 and lasts 5 months. Due to the lack of
data assimilation in the ocean model, a short spin-up (15
days) is used to avoid too much drift of the ocean model
from observed conditions. Thus, the simulation will be
used from the 15 February 2011. At the boundaries, mixed
active-passive conditions are used [Marchesiello et al.,
2001] with forcing data from the Mercator PSY2V4R3 sim-
ulation, which has a 1 day temporal resolution and a 1/12
spatial resolution with 50 vertical zeta levels. Our model
outputs are daily means. A similar conﬁguration of the
atmospheric model Weather Research and Forecasting
(WRF) [Skamarock et al., 2008], described and used in
Renault et al. [2011] and Ruiz et al. [2012], forces ROMS
using bulk formulae [Fairall et al., 2003] to compute turbu-
lent heat and momentum ﬂuxes. The WRF simulation is
performed using a two-way nesting technique, and its ini-
tial and boundary conditions are provided by the NCEP
FNL analysis which has a 1 spatial resolution and a 6 h
temporal resolution (http://dss.ucar.edu/datasets/ds083.2).
[9] Note this ROMS conﬁguration has a ﬁner resolution
that the PSY2V4R3 simulation allowing a better reproduc-
tion of (sub-)mesoscale features. Additionally, in this simu-
lation, the WIW will be formed without data assimilation.
2.3. Methodology
[10] First, the observations are used to highlight the pres-
ence of WIW over the NWMED in winter 2011. Then, the
simulation outputs are systematically interpolated at the
observed space-time positions for comparison with obser-
vations. In this way, the capacity of the simulation to repro-
duce the observed water masses is evaluated. Finally, when
investigating the WIW pathways, the fully sampled simula-
tion is used to ﬁll the observations subsampling. Note that
since this paper focuses on both formation and spreading of
WIW over the NWMED in a realistic scenario, the period
of study is from mid-February to the end of June 2011
because observational data are available both in the Gulf of
Lion and the Ibiza Channel to show the presence of WIW
and assess the simulation, and to investigate the WIW prop-
agation in winter-spring 2011.
[11] The Lagrangian tool implemented in ROMS
(www.myroms.org) was used to track the WIW pathways.
The particle location at each time is determined using the
4th order Milne-predictor/Hamming-corrector numerical
integration scheme [Hamming, 1959]. In the simulation,
during the strong wind event occurring from 27 February to
5 March 2011, square networks of 16 particles space by
0.03 (1.2–1.6 km) were daily released at 20, 50, 100, and
200 m depths at each release sites (Figure 1b). They are
located in the two main areas of WIW formation, in the
Gulf of Lion and the Ebro Delta region. In total, almost
10,000 particles have been launched. Once released, the
particles acted as 3D Lagrangian particles embedded in the
circulation ﬂow ﬁelds and were tracked for all the simula-
tion times. In this paper, only particles with WIW charac-
teristics (11.5<T< 13C, 37.7< S< 38.3) are examined.
[12] To support the determination of WIW pathways,
transports are estimated in the simulation through ten key
sections (Figure 1b) for water with WIW characteristics from
15 February to 30 June 2011. The sections have been selected
in the areas of WIW formation (Gulf of Lion: GoLA, GoLB,
GoLC; Balearic Sea near the Ebro Delta: EbroA, EbroB) and
the possible WIW pathways (Ibiza Channel: IbizaA, IbizaB;
Balearic Current: BalC, BalCur; Mallorca Channel: MalCh),
capturing the maximum of WIW transport through the asso-
ciated transect. Note that the sections GoLC and IbizaA corre-
spond to the glider sections in March and February–June
2011, respectively. The inﬂow (outﬂow) transport is
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associated to positive (negative) values indicating northward/
eastward (southward/westward) direction.
3. Overview of the Event Period
3.1. Atmospheric Conditions
[13] Figure 2a shows the WRF simulated 10 m wind
speed time series averaged over the Western Gulf of Lion
(WGoL) and the Ebro Delta region (Ebro) (see boxes in Fig-
ure 2b) from 15 February to 31 March 2011. Both regions
experience some intense wind episodes. In particular, as
illustrated in Figure 2b, the Gulf of Lion and Balearic Sea
are characterized by an intensiﬁcation of the Tramontane
and Cierzo winds the 1 March 2011 inducing wind gusts
reaching up to 20 m/s. Between the 27 February and 5
March 2011 (Figure 2a), the wind intensiﬁcation over
WGoL and Ebro induces strong air-sea interactions that
cause signiﬁcant heat loss by turbulent ﬂuxes (up to 2275
W/m2 and2225 W/m2, respectively, the 1 March 2011) and
then a decrease of the buoyancy ﬂux associated with the heat
ﬂux (up to 20.92 3 1027m2/s3 and 20.73 3 1027m2/s3,
respectively). Since the WIW is formed by convection when
heat losses in winter are important but not large enough to
produce deep water [Sparnocchia et al., 1995; Gasparini
et al., 1999; Pinot et al., 2002], the atmospheric conditions
could induce WIW formation over this period.
3.2. Observed and Simulated Water Masses
[14] The observations available in the Gulf of Lion con-
ﬁrm the presence of WIW and typical characteristics of
water masses structures [Millot, 1999] during this period
(Figure 3a): the AW at the surface with T> 13C, the LIW
with T> 13C and maxima of S, the WIW with T< 13C
and 37.7< S< 38.3, and the WMDW with T< 13C and
S> 38.44 in the deeper layer. Although slight T/S biases in
the simulation are found (median value of 0.006C/0.01,
respectively), the simulated T/S diagram in the Gulf of Lion
in March 2011 (Figure 3b) indicates the simulation is able to
reproduce the observed water masses characteristics. More
precisely, Figures 3c and 3d show the vertical sections of
temperature and salinity from observations and simulation,
respectively, in the western coastal area of the Gulf of Lion
(Figure 1a), where WIW is found in March 2011. They
show that the observed WIW occupies the upper 300 m of
the continental shelf. Despite temperature and salinity
biases, both formation of WIW by surface cooling of AW
and WIW layer are well reproduced by the simulation.
[15] In the Ibiza Channel, as highlighted by Heslop et al.
[2012] and in Figure 4a, the observations reveal the pres-
ence of WIW from February to May 2011. Despite slight
T/S median biases (0.02C/0.04, respectively), the simula-
tion reproduces relatively well the observed water masses
across the Ibiza Channel (Figure 4b). A closer inspection of
all the vertical sections of observed T and S (not shown)
indicates the WIW is mainly present in the Ibiza Channel
in March–April 2011 at 50–200 m depth (Figure 4c) and is
well represented in the simulation (Figure 4d).
4. Origin and Pathways of Winter Intermediate
Water
4.1. Spatial Trajectories
[16] Figure 5 shows the Lagrangian trajectories of the simu-
lated particles (section 2.3) having the WIW characteristics. In
Figure 2. (a) Time series of the (top) simulated wind speed, (middle) turbulent heat ﬂuxes, and (bot-
tom) buoyancy ﬂux from 15 February to 31 March 2011 in the Western Gulf of Lion (WGoL) and the
Ebro Delta region (Ebro). (b) Wind speed the 1 March 2011 in the WMED.
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good agreement with the literature, most of the simulated
WIW is formed along the continental shelves of Gulf of Lion
and Balearic Sea, and circulates southward in the Balearic Sea
(Figures 5a and 5c) reaching 100–200 m depth (Figures 5b
and 5d).
[17] Some particles remain in their formation region los-
ing their WIW properties. Excluding them, the main path-
ways from the Gulf of Lion and the Ebro Delta region (PG
and PE, respectively) can be depicted from Figure 5. From
the Gulf of Lion (Figures 5a and 5b), the ﬁrst one (P1G) fol-
lows the NC along the coast until 2.2E and 41.2N, and
then brings WIW (43%) to the North of Mallorca in the
upper 80 m in less than 20 days, that ﬁnally loses its char-
acteristics (mid-March). P1G is associated to (sub-)meso-
scale features as revealed by the simulated currents
averaged in the upper 200 m and the sea surface tempera-
ture in mid-March (e.g., the 17 March 2011, Figure 6). The
second trajectory (P2G) leading WIW (24%) follows the NC
along the Catalan coast, that then deﬂects at 0.7–1.2E and
39.2–39.6N after 30–40 days in early-April (see e.g., the
currents on the 7 April 2011, Figure 6), and then joins the
BC at about 100 m depth. As indicated by the simulated
currents in the upper 200 m and the sea surface temperature
on the 7 April 2011 (Figure 6), this trajectory interacts with
an entrance of warmer AW through the Ibiza Channel. The
third and last pathway from the Gulf of Lion (P3G) is related
to an intensiﬁcation and a deﬂection further south of NC
(see e.g., the 23 April 2011, Figure 6). It brings WIW
(33%) along the Peninsula coast until reaching the Ibiza
Channel at 120–160 m depth where particles bifurcate east-
ward after 45 days (mid-April) or stay at the entrance of the
Ibiza Channel losing their WIW properties after 60 days
(late-May). From the Ebro Delta (Figures 5c and 5d), the
ﬁrst trajectory P1E (13%) joins P
1
G at the North of Mallorca.
The second one (P2E, 18%) circulates southward without
going along the continental shelves and follows the NC
Figure 3. (a and b) T/S diagrams of the observations and the simulation (interpolated at the observed
space-time positions) in the Gulf of Lion in March 2011. Boxes delimit the temperature and salinity
ranges of the water masses. Associated vertical sections of temperature and salinity from (c) observations
and (d) simulation in the western part of the coastal area where WIW is present.
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going through the Ibiza Channel at 70–180 m depth after
20–25 days in mid-to-late March (see e.g., the 20 March
2011, Figure 6). The third and fourth pathways (P3E, 40%
and P4E, 27%) follow in space and time P
2
G and P
3
G,
respectively. The last trajectory (P5E, 2%), going through
the Mallorca Channel at 120–180 m depth after 40 days
(early-April), is marginal.
[18] The WIW, formed in the Gulf of Lion and the Ebro
Delta region from 27 February to 5 March 2011, circulates
in the Balearic Sea (Figure 5e). Some of them (20% of
those formed in the Ebro Delta region) ﬂow out of the basin
through the Balearic Channels. Figure 7 shows the spatial
evolution of WIW particles that have ﬁnally lost their tem-
perature and salinity properties after dilution with sur-
rounding waters. The two thirds of WIW particles formed
in the Gulf of Lion and the Ebro Delta region are mixed
with other water masses after 20–50 days and 10–35 days,
respectively (not shown). After 70 days, all of WIW par-
ticles have changed properties. This illustrates the mixing
(since the temperature and salinity minimum is diluted) and
the spreading of these particles over the WMED, reaching
the southern part of the Balearic Islands, the Algero-
Provencal basin, the Ligurian Sea, and the Alboran Sea at
the end of June 2011, and suggests that the WIW may
likely have an impact on the general circulation. Indeed,
the WIW formation and spreading may induce mesoscale
eddies [Amores et al., 2013] which inﬂuence the exchanges
between the different subbasins of WMED and the basin-
scale ﬂow (e.g., eddy blocking effect in the north of the
Ibiza Channel [Pinot et al., 1995, 2002; Pinot and Gana-
chaud, 1999] or contribution to exchanges between north
and south subbasins of WMED by WIW eddy transport
[Allen et al., 2008]). Additionally, the WIW is probably a
major component of the Mediterranean outﬂow at Gibraltar
[Fuda et al., 2000; Millot, 2009, 2013]. Finally, the mixing
of WIW with surrounding water masses changes the hydro-
graphic properties and the ocean stratiﬁcation that may
inﬂuence the ocean circulation.
Figure 4. (a and b) T/S diagrams of the observations and the simulation (interpolated at the observed
space-time positions) in the Ibiza Channel in February–June 2011. As in Figures 3a and 3b, water masses
are indicated. Vertical sections of temperature and salinity from (c) observations and (d) simulation col-
lected during the three returns in the Ibiza Channel from 25 March to 10 April 2011 when most of WIW
are present in the observations.
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Figure 5. (a and b) Lagrangian trajectories of WIW particles from the Gulf of Lion and (c and d) the
Ebro Delta region with daily starts between 27 February and 5 March 2011. Color scale indicates (a and
c) time in days or (b and d) depth in meters. Only one of four trajectories is shown here for clarity. (e)
Scheme of main WIW pathways.
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4.2. Spatial and Temporal Variability
[19] The spatial and temporal variability of the WIW in
the NWMED is studied analyzing the transport of WIW in
key sections across the sites of formation and the main
pathways (see Figure 1b) in the full simulation from 15
February to 30 June 2011 (Figures 8a–8d). The maxima of
WIW transports in every section are reported in Figure 8e.
In the Gulf of Lion, the simulated WIW is mainly formed
along the continental shelf between mid-February and mid-
March 2011 and circulates southwestward (Figures 8a and
8e). The maximum of WIW outﬂow transport is reached
the 1 March: 0.23 Sv, 0.38 Sv, 0.81 Sv through GoLA,
GoLB, GolC, respectively. Although the Northern Current
ﬂowing through GoLA is induced and inﬂuenced by the
Mercator PSY2V4R3 simulation at the eastern boundary,
no WIW was formed or present upstream of the transect
GoLA, insuring that the WIW present in the sections GoLA,
GoLB, and GolC are formed in the Gulf of Lion region in
SST SST SST SST
Velocity
0-200m
Velocity
0-200m
Velocity
0-200m
Velocity
0-200m
17th March 2011 7th April 2011 23th April 2011 20th March 2011
Figure 6. (top) Simulated velocity averaged within the (0–200 m) layer and (bottom) simulated Sea
Surface Temperature on the 17 March 2011, the 7 April 2011, the 23 April 2011, and the 20 March 2011
(from left to right).
Figure 7. Same as Figure 5 with all trajectories shown. Color indicates time for particles with WIW
properties; when WIW properties are lost, trajectories are indicated in gray.
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our case study. Note that the inﬂow transport is not equal to
zero in GoLB and GolC but weaker than the outﬂow trans-
port ; it indicates that a few WIW particles formed in the
Gulf of Lion recirculate in the continental plateau before
losing their properties. In the Ebro Delta region, WIW is
present from February to April ; the maximum of WIW
Figure 8. Inﬂow (dashed lines) and outﬂow (solid lines) transports (in Sv) of simulated WIW in the ten
sections, indicated in Figure 1b (a–d). Scheme of the WIW transports maxima (in Sv) in every section (e).
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outﬂow transport reaches 1.59 Sv/0.99 Sv through EbroA/
EbroB in mid-March (the 14 and 17, respectively, Figures
8b and 8e). The transport in EbroA is higher than in the
Gulf of Lion the ﬁrst two weeks of March, revealing that
they combine WIW from the Gulf of Lion and WIW
formed along the Catalan coast. Interestingly, the transport
in EbroA is of the same order of magnitude or higher (in
mid-March) than in EbroB. In fact, a part of the WIW near
the Ebro Delta bifurcates eastward (Figure 5) and is par-
tially compensated by the WIW formation between EbroA
and EbroB. In the Ibiza Channel region (Figures 8c and
8e), in good agreement with Heslop et al. [2012], the simu-
lated WIW is present from February to May with a maxi-
mum of the outﬂow transport in mid-to-late March (0.32
Sv in IbizaA, 0.26 Sv in IbizaB). Note the transport through
IbizaA and IbizaB are somewhat different. Before mid-
March and after late-March, there is no transport through
IbizaB indicating that the WIW recirculates northeastward
to join the BC. In mid-to-late March, the WIW (up to 0.26
Sv) goes southward through the Ibiza Channel with maxi-
mum transport the 20 March 2011. Most of WIW recircu-
lating northeastward joins the BC, where WIW inﬂow
transport is up to 0.1 Sv from mid-March to early-April
with a maximum of 0.33 Sv the 1 April (see BalC in Fig-
ures 8d and 8e). The WIW transports in IbizaB and BalC
represent at most 25% and 30%, respectively, of the trans-
port through EbroB, and the inﬂow transport in BalCur is
weaker (less than 0.05 Sv) than in BalC : this indicates that
most of WIW lose their T/S properties (by dilution with
surrounding waters) in the southern part of the Balearic
Sea. Finally, consistently with Pinot and Ganachaud
[1999] and Pinot et al. [2002], the Ibiza Channel is likely
the favorite pathway of WIW to the south, since the WIW
transport through the Mallorca Channel (MalCh in Figures
8d and 8e) is weaker (maximum of 0.1 Sv versus 0.26 Sv)
and occurs during a very short period in early-April.
[20] The results emerging from the WIW transports and
Lagrangian trajectories (schematized in Figures 5e and 8e,
respectively) are complementary and lead to the conclusion
that during the winter-spring 2011, WIW is mainly formed
in the western Gulf of Lion and the Ebro Delta region in
February–March, circulates southward joining the north-
eastern Balearic Sea, or going further south and joining the
Balearic Current, or going through the Ibiza and Mallorca
Channels. Additionally, as depicted in Figure 9, during the
late-winter/early-spring 2011, the presence of WIW in the
NWMED is quantitatively signiﬁcant. Indeed, the WIW
volume over the NWMED represents more than 20% of the
AW volume between the 28 February and the 11 March
2011, reaching its maximum of 24% the 4 March, support-
ing the importance of WIW in the NWMED.
4.3. Vertical Structure
[21] In order to determine the vertical structure of the
main pathways of WIW, vertical sections of temperature
(T), salinity (S), and normal velocity to the section (V) are
done in the sections GoLC, EbroB, IbizaB, BalC, and
MalCh at the date associated to the maximal transport of
WIW (Figure 8), i.e., the 1 March, 17 March, 20 March, 1
April, and 5 April, respectively (Figure 10). In the section
GoLC (Figure 10a), the WIW occupies the upper 200 m
layer on the continental shelf (since it is formed in this
coastal area by surface cooling of AW) and ﬂows south-
ward with a velocity of 0.1–0.2 m/s. Deeper, along the con-
tinental shelf, LIW spreads southward at 0.3–0.4 m/s with
T and S maxima at 400–500 m depth. In the section EbroB
(Figure 10b), the WIW circulates southward over the conti-
nental plateau (shallower than 100 m) and along the conti-
nental shelf (until 1.3E) in the upper 250 m with a normal
velocity of 0.2 m/s. It lies above a deep LIW spreading
faster southward with a core depth of 300–400 m (where T
and S maxima are found). As the WIW, the maximal veloc-
ity of LIW (up to 0.3 m/s) is also reached along the conti-
nental slope. In the section IbizaB (Figure 10c), the WIW
goes across the Ibiza Channel southward in its central part
between 0.55E and 0.9E at 50–150 m depth. The maxi-
mum of its velocity reaches 0.17 m/s at 0.7E. The WIW
core ﬂows to the south beneath the surface AW and above
the LIW core, which also ﬂows southward at 0.1–0.2 m/s.
Further east, between 0.8E and 1.1E, AW ﬂows along the
slope northward through the Ibiza Channel with a velocity
of 0.1 m/s at 100–500 m depth. At the eastern part of the
Ibiza Channel, in the upper 100 m, recent AW (warmer
than Mediterranean Waters in winter and fresh) is spread-
ing northward through the channel with a velocity of
around 0.1 m/s. In the section BalC (Figure 10d), the WIW
circulates northeastward at 50–200 m, above LIW (with a
core depth at 500 m) and deep water in the deeper layer,
between 39.37N and 39.68N with a weak velocity (less
than 0.1 m/s). The maximum of velocity (0.25 m/s) is
found between 1.6E and 1.9E at 400–700 m depth in the
northeastward direction. Finally, in the section MalCh (Fig-
ure 10e), the second pathway to the southern Mediterranean
Sea, the WIW ﬂows out of the Balearic Sea through the
Mallorca Channel at 100–200 m depth, beneath the surface
AW and above the LIW. The maximal velocity of WIW is
up to 0.1 m/s in the center part of the channel (1.9E) at
150 m depth. In the western part of the channel (1.6E–
1.8E), AW ﬂows northward, and in a similar manner as in
the Ibiza Channel, recent AW enters in the Balearic Sea
through the eastern part of the Mallorca Channel.
Figure 9. Volumes of simulated AW and WIW (dashed
and solid blue lines, respectively), and the percentage of
the WIW volume in comparison with the AW volume
(green line) as a function of time in the NWMED (0.5W–
5E, 38N–44N).
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5. Conclusions
[22] In this study, the formation, spreading, and main
pathways of the WIW in the Northwestern Mediterranean
Sea have been examined combining available observations
and numerical simulation during the winter-spring 2011.
The main results show that the simulation is able to repro-
duce the WIW formation and the main characteristics of
the water masses present during the studied period. Lagran-
gian particles and transports through key sections in the
simulation indicate that WIW is formed mainly in the Gulf
of Lion and the Ebro Delta region in February–March and
then, circulates southward following ﬁve main trajectories :
WIW joins the Northeastern Balearic Sea (P1G, P
1
E), recircu-
lates cyclonically reaching the Balearic Current (P2G, P
3
E)
with a maximum transport of 0.33 Sv in early-April, circu-
lates southward until the Ibiza Channel (P3G, P
4
E), goes
through the Ibiza Channel (P2E) or the Mallorca Channel
(P5E) with a maximum of 0.26 Sv in late-March or 0.1 Sv in
early-April, respectively. WIW contributes notably to the
exchanges of mass and heat between the north and south
basins of the Western Mediterranean Sea [Allen et al.,
2008] and therefore, those ﬁve pathways of WIW reported
Figure 10. Vertical sections of simulated temperature, salinity, and normal velocity to the section in
ﬁve transects: (a) GoLC on the 1 March, (b) EbroB on the 17 March, (c) IbizaB on the 20 March, (d)
BalC on the 1 April, and (e) MalCh on the 5 April. Note that positive (negative) velocity signs indicate
northward/eastward (southward/westward) direction.
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in this work represent a signiﬁcant improvement for the
knowledge of the WIW circulation variability in the West-
ern Mediterranean Sea. Indeed, we have shown that WIW
formed in the Gulf of Lion and the Ebro Delta region may
likely have an impact on the general circulation of the
Western Mediterranean Sea reaching areas such as the
Algero-Provencal and Alboran basins.
[23] Despite some simulation biases, a good agreement
has been found between water masses from the simulation
and high resolution hydrographic glider observations, in
particular, in the Ibiza Channel which seems to be the pre-
ferred path of WIW to ﬂow out of the Balearic Sea to the
south. Some discrepancies found in water masses and
derived variables might be due to several modeling factors
(atmospheric forcing, initial conditions, parameterizations,
climatological run off, etc.) and may inﬂuence the results
(WIW formation, pathways, transport estimations). How-
ever, the realism of the simulation and its capacity to repro-
duce observed water masses is encouraging and argues in
favor of (i) investigating ocean processes study (formation,
transformation and mixing of water masses, in particular
WIW and WMDW, and their dynamical impact on the
ocean stratiﬁcation and circulation) and (ii) developing a
long-term high-resolution oceanic simulation to assess the
variability of WIW (and other water masses) and its impact
on the circulation at various timescales.
[24] Finally, this approach could be applied to other parts
of the Mediterranean Sea to investigate the pathways of
WIW formed in other sites (Ligurian Sea, Western Tyrrhe-
nian Sea) and also of other water masses formed in the
Mediterranean Sea.
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